Objective-Iron and the iron regulatory hormone hepcidin, major determinant of body iron distribution, are hypothesized to play a role in cardiovascular disease. Here, we assess the associations of hepcidin as well as ferritin, iron, total ironbinding capacity, and transferrin saturation (ie, iron parameters) with noninvasive measurements of atherosclerosis in men and women of a population-based cohort. Approach and Results-We included 766 participants of the Nijmegen Biomedical Study aged 46 to 67 years for whom serum measurements of hepcidin, iron parameters, and noninvasive measurements of atherosclerosis were available. Noninvasive measurements of atherosclerosis were presence of plaque, ankle-brachial index, and intima-media thickness. We performed multivariable logistic and linear regression analyses using quartiles of hepcidin and iron parameters. Analyses were stratified by sex and adjusted for several demographic, clinical, and biochemical determinants, including traditional risk factors of cardiovascular disease based on the Framingham risk score. Hepcidin and the hepcidin/ferritin ratio, reflecting hepcidin expression relative to iron stores, were significantly associated with the presence of plaque in women (adjusted odds ratios for quartile 4 versus quartile 1 [95% confidence intervals] of 3.07 [1.36-6.90] and 2.31 [1.03-5.18], respectively). The hepcidin/ferritin ratio was significantly and negatively associated with ankle-brachial index at rest in men and women (adjusted β for quartile 4 versus quartile 1 [95% confidence intervals] of −0.03 [−0.07 to 0.00] and −0.04 [−0.06 to −0.01], respectively). Conclusions-Our results suggest that the body iron distribution as determined by hepcidin affects the development of atherosclerosis in women. (Arterioscler Thromb Vasc Biol. 2014;34:446-456.)
A few decennia ago, Sullivan 1 proposed the iron hypothesis, which suggests that iron deficiency plays a protective role against heart disease. With this hypothesis, he aimed to explain the sex difference in cardiovascular disease (CVD) risk and the increase in CVD incidence among women after menopause. According to the hypothesis, loss of iron with menstruation is responsible for the lower risk of heart disease in premenopausal women compared with men and postmenopausal women. The original hypothesis was formulated without specification of a mechanism. It is proposed that stored iron, which is known to be redox active, 2 catalyzes the formation of reactive oxygen species, which oxidize low-density lipoprotein cholesterol. This has been shown to induce the formation of foam cells and ultimately atherosclerosis. 3, 4 Until now, several epidemiological studies have investigated the associations between body iron stores and CVD, most of them using blood donation history as a proxy for body iron levels, but they remain inconclusive. Some studies confirmed the iron hypothesis, [5] [6] [7] [8] whereas Ascherio et al 9 demonstrated that the number of lifelong blood donations among 38 244 men was strongly associated with lower plasma ferritin levels but not with the risk of myocardial infarction or fatal coronary heart disease over 4 years of follow-up. Some studies reported on the associations between blood donation and (sub)clinical measures of atherosclerosis instead of on cardiovascular events and deaths. [10] [11] [12] Zheng et al 10 found decreased body iron stores, decreased oxidative stress, and enhanced vascular function, as measured by flow-mediated dilation, in high-frequency blood donors compared with low-frequency donors. Engberink et al 11 concluded that the intima-media thickness (IMT) of the common carotid artery was slightly reduced in frequent donors as compared with low-frequency donors, although not statistically significant. Finally, Peffer et al 12 showed that serum ferritin levels were lower in high-frequency donors compared with low-frequency donors, but they did not observe clear beneficial effects on measures of subclinical atherosclerosis as assessed by IMT, pulse-wave velocity, and ankle-brachial index (ABI).
In 2001, a peptide with antimicrobial properties was discovered, named hepcidin. 13 This small 25-aa peptide hormone plays a key role in systemic regulation of iron homeostasis. 14 Hepcidin is synthesized by various cell types, but predominantly by hepatocytes. It is upregulated by elevated body iron status and inflammatory cytokines and decreased in iron deficiency and low oxygen tension. Hepcidin binds and subsequently degrades the cellular iron exporter ferroportin in the membrane of macrophages, leading to changes in body iron distribution by leaving iron trapped inside these iron recycling cells. 15 Hepcidin is of additional value when assessing iron status because of its central role in iron regulation. Besides, the ratios of hepcidin to ferritin and hepcidin to transferrin saturation (TS) are informative for assessing iron status, given the dependence of hepcidin expression on stored iron and circulating iron, respectively. 16, 17 It has been hypothesized that increased hepcidin concentrations may increase cardiovascular risk by slowing or preventing the mobilization of iron from macrophages. This iron trapping in macrophages subsequently activates these cells to become more atherogenic. 18, 19 Indeed, there is some evidence for a role of hepcidin in the development of athero sclerosis from in vitro studies and studies in patients on hemodialysis. [20] [21] [22] [23] [24] However, the association of serum hepcidin with atherosclerosis has not been investigated in the general population. Here, we studied the associations of serum hepcidin and its ratios to ferritin and TS, as well as serum ferritin, serum iron, total iron-binding capacity (a proxy for transferrin), and TS (ie, iron parameters) with the following noninvasive measurements of atherosclerosis (NIMA): presence of plaque, ABI at rest and after exercise, and IMT. We used a well-phenotyped subsample of 766 participants aged 46 to 67 years from the Nijmegen Biomedical Study (NBS) and stratified analyses by sex to account for differences in iron status and CVD risk between men and women during life.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Characteristics of the Study Population
Characteristics of the subjects included in the study, stratified by sex and hepcidin quartiles, are presented in Tables 1 and   2 . A total of 420 participants (55%) were male. Median age at inclusion of the male participants was 57 years and that of the females was 56 years. Serum hepcidin quartiles were constructed separately for men and women, but the resulting concentration ranges per quartile were approximately the same. Serum ferritin concentration was lower in women than in men, whereas the ratios of hepcidin to ferritin and hepcidin to TS were higher in women per hepcidin quartile. Both serum ferritin and the ratios increased with quartiles of hepcidin. Median iron concentration, total iron-binding capacity, and TS were comparable over the quartiles and between men and women. Use of antihypertensives, lipid-lowering medication, and anticoagulants in NBS-NIMA was higher in men than in women. High-sensitive C-reactive protein increased with quartiles of hepcidin, whereas systolic blood pressure, body mass index, total cholesterol, and high-density lipoprotein cholesterol were comparable over hepcidin quartiles for both men and women. Table 3 shows the results of multivariable logistic regression analyses for presence of plaque stratified by sex. In women, hepcidin and the ratios hepcidin/ferritin and hepcidin/TS were positively associated with the presence of plaque. The strongest associations were found for Q4 versus Q1 of hepcidin, hepcidin/ferritin, and hepcidin/TS, with adjusted odds ratios (95% confidence intervals [CIs]) of 3.07 (1.36-6.90), 2.31 (1.03-5.18), and 2.22 (0.99-4.95) and a P for trend of 0.04, 0.03, and 0.04, respectively. In men, hepcidin showed a positive association with the presence of plaque, but this association was weaker than in women (odds ratio [95% CI] Q4 versus Q1: 1.89 [0.94-3.77]; P for trend=0.05). The hepcidin/ ferritin and hepcidin/TS ratios showed some indication for positive association with presence of plaque, but odds ratios did not consistently increase over the quartiles.
Association With Presence of Plaque, IMT, and ABI at Rest and After Exercise
Results of multivariable linear regression analyses for IMT, ABI at rest, and ABI after exercise are presented in Tables 4 to 6. In men, hepcidin showed an association with IMT (β [95% CI] Q4 versus Q1: −0.03 [−0.06 to −0.01]; P for trend=0.05). In women, Q2 and Q3 versus Q1 of iron and TS showed a significant and positive association with IMT (β [95% CIs] Q2 versus Q1: 0.05 [0.01-0.08] and 0.04 [0.00-0.07], respectively; β [95% CIs] Q3 versus Q1: 0.04 [0.01-0.08] and 0.04 [0.01-0.08], respectively), but not for Q4 versus Q1. IMT was not associated with iron and TS in men.
ABI at rest (Table 5 ) showed a negative and significant association with hepcidin/ferritin ratio, with increasing strength over quartiles of the hepcidin/ferritin ratio: adjusted β (95% CIs) for Q2 versus Q1: −0.01 (−0.04 to 0.01); Q3 versus Q1: −0.03 (−0.05 to 0.00); Q4 versus Q1: −0.04 (−0.06 to −0.01); P for trend=0.003. The same trend was observed in men, with a significant association for Q4 versus Q1 (β [95% CI]: −0.03 [−0.07 to 0.00]; P for trend=0.03). The association results of hepcidin/ferritin ratio with ABI after exercise ( Table 6 ) were less consistent, but also showed some indication for a negative association.
The combined dichotomous measure of the NIMA showed positive and significant associations with hepcidin and the hepcidin/ferritin and hepcidin/TS ratios in women (adjusted Continuous variables are presented as median (P5-P95). Categorical variables are presented as n (%). ABI indicates ankle-brachial index; ALT, alanine aminotransferase; BMI, body mass index; CRP, C-reactive protein; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; IMT, intima media thickness; n, number; NBS, Nijmegen Biomedical Study; NIMA, noninvasive measurements of atherosclerosis; Q1-Q4, quartiles 1-4; SBP, systolic blood pressure; TC, total cholesterol; TIBC, total iron-binding capacity; and TS, transferrin saturation.
*Numbers per hepcidin quartile do not add up to 420 but 418 because of 2 missing values on the variable time of blood sampling, which was used to construct the hepcidin quartiles.
†Hepcidin, ferritin, hepcidin/ferritin, hepcidin/TS, iron, TIBC, TS, eGFR, TC, HDL, BMI, CRP, ALT, time of blood sampling, diabetes mellitus, anemia, smoking, and family history of CVD are measured in the NBS in 2002 and SBP, high-sensitive CRP, folate, use of antihypertensives, lipid-lowering medication, and anticoagulants, presence of plaque, IMT, and ABI at rest and after exercise are measured in the NBS-NIMA study between 2005 and 2008. The regression models including the potential confounders only resulted in explained variances (Nagelkerke r 2 ) of 18% and 24% for presence of plaque in men and women, Presence of plaque was defined as a focal thickening of the arterial wall of ≥1.5 times the mean intima-media thickness. Associations were tested using multivariable logistic regression analyses with quartiles of serum hepcidin or the iron parameters as determinants and presence of plaque as dichotomous outcome. Resulting odds ratios express the increase or decrease in odds for presence of plaque for each quartile relative to quartile 1, thus Q2 vs Q1, Q3 vs Q1, and Q4 vs Q1. Results are adjusted for age, time of blood sampling, body mass index, C-reactive protein, glomerular filtration rate, smoking, systolic blood pressure, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, anemia, and alanine aminotransferase as measured in the NBS in 2002 and use of antihypertensives, lipid-lowering medication, and anticoagulants, high-sensitive C-reactive protein, and folate as measured in the NBS-NIMA study between 2005 and 2008 and time between baseline and follow-up. Results for women are additionally adjusted for use of hormone replacement therapy as measured in the NBS in 2002. 95% CI indicates 95% confidence interval; n, number; Q1-Q4, quartiles 1-4; NBS, Nijmegen Biomedical Study; NIMA, noninvasive measurements of atherosclerosis; ref, reference category; TIBC, total iron-binding capacity; and TS, transferrin saturation. *Significant associations.
respectively. In men, an increase to 20% was seen for inclusion of hepcidin, ferritin, hepcidin/ferritin ratio, and iron.
In women, inclusion of hepcidin, hepcidin ratios, iron, or TS led to an increase in explained variance to a maximum of 27%. This increase of maximal 3% is relatively large because the 20 potential confounders together explained IMT was measured at the most distal centimeter of both common carotid arteries before the bifurcation into the internal and external carotid arteries. Associations were tested using multivariable linear regression analyses with quartiles of serum hepcidin or the iron parameters as determinants and IMT as continuous outcome. Resulting β express the change in IMT for each quartile relative to quartile 1, thus Q2 vs Q1, Q3 vs Q1, and Q4 vs Q1. Results are adjusted for age, time of blood sampling, body mass index, C-reactive protein, glomerular filtration rate, smoking, systolic blood pressure, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, anemia, and alanine aminotransferase as measured in the NBS in 2002 and use of antihypertensives, lipid-lowering medication, and anticoagulants, high-sensitive C-reactive protein, and folate as measured in the NBS-NIMA study between 2005 and 2008 and time between baseline and follow-up. Results for women are additionally adjusted for use of hormone replacement therapy as measured in the NBS in 2002. 95% CI indicates 95% confidence interval; IMT, intima-media thickness; n, number; NBS, Nijmegen Biomedical Study; NIMA, noninvasive measurements of atherosclerosis; Q1-Q4, quartiles 1-4; ref, reference category; TIBC, total iron-binding capacity; and TS, transferrin saturation. *Significant associations. February 2014 24% of the variance. Inclusion of the hepcidin/ferritin ratio in the models for ABI at rest and ABI after exercise increased the explained variance with 2% in women. Models for IMT for both sexes and models for ABI at rest and ABI after exercise in men resulted in a maximum of 1% increase in explained variance. ABI was determined by dividing the lowest of 2 ankle pressures by the highest of 2 arm pressures, which were measured with a hand-held Doppler device. Associations were tested using multivariable linear regression analyses with quartiles of serum hepcidin or the iron parameters as determinants and ABI at rest as continuous outcome. Resulting β express the change in ABI at rest for each quartile relative to quartile 1, thus Q2 vs Q1, Q3 vs Q1, and Q4 vs Q1. Results are adjusted for age, time of blood sampling, body mass index, C-reactive protein, glomerular filtration rate, smoking, systolic blood pressure, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, anemia, and alanine aminotransferase as measured in the NBS in 2002 and use of antihypertensives, lipid-lowering medication, and anticoagulants, high-sensitive C-reactive protein, and folate as measured in the NBS-NIMA study between 2005 and 2008 and time between baseline and follow-up. Results for women are additionally adjusted for use of hormone replacement therapy as measured in the NBS in 2002. 95% CI indicates 95% confidence interval; ABI, ankle-brachial index; n, number; NBS, Nijmegen Biomedical Study; NIMA, noninvasive measurements of atherosclerosis; Q1-Q4, quartiles 1-4; ref, reference category; TIBC, total iron-binding capacity; and TS, transferrin saturation. *Significant associations. ABI was determined by dividing the lowest of 2 ankle pressures by the highest of 2 arm pressures, which were measured with a hand-held Doppler device. Associations were tested using multivariable linear regression analyses with quartiles of serum hepcidin or the iron parameters as determinants and ABI after exercise as continuous outcome. Resulting β express the change in ABI after exercise for each quartile relative to quartile 1, thus Q2 vs Q1, Q3 vs Q1, and Q4 vs Q1. Results are adjusted for age, time of blood sampling, body mass index, C-reactive protein, glomerular filtration rate, smoking, systolic blood pressure, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, anemia, and alanine aminotransferase as measured in the NBS in 2002 and use of antihypertensives, lipid-lowering medication, and anticoagulants, high-sensitive C-reactive protein, and folate as measured in the NBS-NIMA study between 2005 and 2008 and time between baseline and follow-up. Results for women are additionally adjusted for use of hormone replacement therapy as measured in the NBS in 2002. 95% CI indicates 95% confidence interval; ABI, ankle-brachial index; n, number; NBS, Nijmegen Biomedical Study; NIMA, noninvasive measurements of atherosclerosis; Q1-Q4, quartiles 1-4; ref, reference category; TIBC, total iron-binding capacity; and TS, transferrin saturation. *Significant associations.
Discussion
To our knowledge, this is the first study that investigated the associations between hepcidin, iron, and NIMA in a general population. After adjustment for several demographic, clinical, and biochemical determinants, we demonstrated that serum hepcidin and the hepcidin/ferritin ratio were significantly and positively associated with the presence of plaque in women. Suggestive evidence for a positive association with presence of plaque was observed for hepcidin and the hepcidin/ferritin ratio in men and the hepcidin/TS ratio in women. Furthermore, the hepcidin/ferritin ratio was significantly and negatively associated with ABI at rest in men and women. Iron and TS showed evidence for a positive association with IMT in women, but the effects did not consistently increase over the quartiles of iron and TS.
In our study, we used 3 measures that reflect the presence of atherosclerosis. Presence of plaque has been shown to be a better predictor of myocardial infarction risk and the extent of underlying coronary artery disease than IMT. 25 In addition, ABI is the only of the 3 NIMA that is routinely applied in clinical practice. Because hepcidin and the hepcidin/ferritin ratio showed consistent associations with presence of plaque and ABI, the 2 most evident markers of atherosclerosis, our results suggest that hepcidin plays a role in the development of atherosclerosis in women.
Our results confirm several previous studies that investigated serum hepcidin concentration in relation to cardiovascular or metabolic diseases in patient populations. In patients on maintenance hemodialysis, hepcidin was shown to be associated with arterial stiffness and fatal and nonfatal cardiovascular events. 20, 21 Valenti et al 26 showed that hepcidin correlates with monocyte chemoattractant protein-1 levels in patients with metabolic alterations and that these levels are an independent predictor of the presence of carotid plaques. In response to this article, Kroot et al 27 demonstrated that total hepcidin and hepcidin-25 levels were significantly higher in subjects with metabolic syndrome than in age-matched controls in a nested case-control study in the NBS. In another article, Valenti et al 28 reported that hepcidin-25 was independently associated with carotid plaques in patients with nonalcoholic fatty liver disease. In addition, hepcidin was reported to increase significantly and linearly with increasing number of metabolic syndrome features, paralleling the trend of serum ferritin. 29 Finally, increased hepcidin production was observed in patients with (low grade) inflammation, obesity, and other metabolic syndrome alterations, which are traditionally associated with CVD. [30] [31] [32] Our findings are in agreement with the hypothesis that hepcidin increases iron deposition in macrophages within atherosclerotic plaques with subsequent increased lipid peroxidation and progression to foam cells, 18 resulting in an increased risk of atherosclerosis. There is additional evidence for this hypothesis from recent in vitro and mice studies. Saeed et al 23 demonstrated that suppression of hepatic hepcidin production resulted in reduced macrophage intracellular iron content, which increased the efflux capacity of cholesterol and thereby decreased the formation of foam cells and atherosclerosis. Using human monocytes derived from atherosclerotic plaques, Finn et al 24 showed that hepcidin increased the intracellular iron content, resulting in increased reactive oxygen species and decreased cholesterol efflux. These observations are consistent with those obtained in a mouse model of atherosclerosis and in macrophage cell lines, suggesting that the interaction of (locally produced) hepcidin, trapped iron, and accumulated lipids is critical for proatherosclerotic activation of macrophages, contributing to their destabilization. 22 Our results for the hepcidin/ferritin ratio, reflecting the amount of hepcidin relative to ferritin as a measure of intracellular iron, match with the latter findings, because the ratio hepcidin/ferritin showed significant association with the presence of plaque and ABI. This underscores the role of hepcidin in determining the body iron distribution and thus the interplay of hepcidin and ferritin levels in the development of atherosclerosis.
Our results might explain the inconsistent results of previous epidemiological studies on the association between body iron stores and CVD risk. [5] [6] [7] [8] [9] [10] [11] [12] Hepcidin levels were not measured in these studies, except for the study by Peffer et al 12 in which a subset (n=269) of the NBS-NIMA population was used, but the associations between hepcidin and NIMA were not investigated in that study. Furthermore, our results might explain the paradox of no obvious increase in atherosclerosis in patients with hemochromatosis (HFE) gene-related hereditary hemochromatosis despite their sometimes significant iron overload: hepcidin levels are relatively low, resulting in decreased retention of iron by macrophages and therefore a more rapid clearance of iron from arterial lesions. 18, 19, 33 Interestingly, the p.Cys282Tyr variant (rs1800562) of the HFE gene, that is associated with a decrease in the hepcidin/ferritin ratio, 34, 35 has also been associated with decreased levels of low-density lipoprotein and total cholesterol levels. 36 Finally, a lower incidence of coronary artery disease in patients with β-thalassemia major and intermedia 37, 38 might not only be attributable to increased cholesterol requirements associated with erythroid hyperplasia and therefore relatively low serum cholesterol levels, 37 but also to relatively low hepcidin levels which might play a role in the protection against CVD as well. 39, 40 Interestingly, the associations of serum hepcidin and the ratio hepcidin/ferritin with presence of plaque and ABI were far stronger in women compared with men. It is known that some of the traditional cardiovascular risk factors have a different impact on men and women, 41 but the reason for this remains unexplained. Hormones might be responsible for sex-related differences, but this is unlikely in our study because we focused on postmenopausal women, who are more similar to men regarding hormonal status, and adjusted for the use of hormone replacement therapy.
Our study has some limitations. First, we performed several association tests in our male and female population separately; replication of the results in other populations will have to confirm that our positive findings are not attributable to chance effects and a relatively small sample size. Second, it is difficult to draw conclusions about causality based on the results of our study. The fact that hepcidin and iron parameters were measured in a non-CVD population 3 to 5 years before the NIMA does however reduce the likeliness of a reverse mechanism, whereby atherosclerosis affects hepcidin levels. Also, NIMA measurements were not performed in 2002; we used presence of CVD or use of medication for CVD as a proxy for presence of atherosclerosis to obtain an at-risk population. In addition, our analyses rely on 1 measurement of serum hepcidin, which we used as a proxy for the hepcidin concentration in the years before and after this measurement. Hepcidin and total cholesterol were measured in serum collected during the day and not in fasting state, which makes the measurement less precise because of the known circadian rhythm of hepcidin and the influence of food intake on hepcidin and cholesterol levels. 42, 43 We adjusted our analyses for time of blood sampling to reduce the noise caused by this measurement error, but the precision of the reported associations might still be decreased. Moreover, we used serum concentrations of hepcidin, ferritin, and iron, whereas the associations of interest might be cell type or tissue specific. Finally, the number of CVD events in our population was too small to analyze the association of hepcidin, the hepcidin ratios, and the iron parameters with the hard end point of CVD. Nevertheless, presence of plaque, IMT, and ABI have shown to predict CVD both in patients and in the general population. 25, 44, 45 In conclusion, this epidemiological study is the first to describe associations between hepcidin and presence of plaque, ABI, and IMT. Our results indicate that hepcidin and the hepcidin/ferritin ratio are associated with atherosclerosis, as measured by the presence of plaque and ABI, in postmenopausal women in a general population. Our results suggest that it is the body iron distribution as determined by serum hepcidin and its ratio to ferritin instead of the total body iron load that play a role in the development of atherosclerosis. We warrant replication of our results in an independent population using hard cardiovascular end points and the setup of functional studies to disentangle causal relationships, in addition to studies that use hard cardiovascular end points. Eventually, hepcidin could be a novel biomarker and therapeutic target for CVD.
